Buchnera aphidicola is an intracellular prokaryote (endosymbiont) that lives in the body cavity of the aphid. Phylogenetic studies indicated that it is closely related to Escherichia coli and members of Enterobacteria. The gene order of the region containing the dnaA gene is well conserved in many bacteria. Seven genes of the endosymbiont of the aphid Schizaphis graminum, gyrB, dnaN, dnaA, rpmH, rnpA, yidD, and 60K, were found to be homologous in sequence and relative location to those of E. coli. We have further sequenced the region downstream of the 6OK gene to elucidate the boundary of the conserved region, and found that one more gene, thdF, is conserved. The comparison of gene organizations of the dnaA region of the related bacteria supported the close phylogenetic relationship of B. aphidicola to E. coli. In addition, we have identified groES and groEL genes next to the thdF gene. GroEL protein was reported to be expressed at an elevated level in the endosymbionts of aphids, and is considered to play an important role in their association with the aphid host. Comparison of the structure of the groE operon with that of the endosymbiont of the aphid Acyrthosiphon pisum revealed the conservation of a sequence resembling the E. coli consensus heat shock promoter, and this sequence may be responsible for the high expression of the groEL gene in aphid endosymbionts.
3
lar association with prokaryotic organisms, endosymIn order to gain an understanding of the general physbionts, assigned to the genus Buchnera, which has one iology and genetics of the association between aphid and species, Buchnera aphidicola. 1 The association between its endosymbionts, Baumann and associates have be-B. aphidicola and aphids is mutualistic. B. aphidicola gun to characterize the genome of B. aphidicola from has not been cultured outside the aphid host, and aphids the aphid Schizaphis graminum, and over 54 kb of the treated with antibiotics to eliminate endosymbionts are genome has been cloned and sequenced to date. 1 The unable to reproduce. Phylogenetic studies based on the gene order of a region containing the dnaA gene, essen-16S rRNA sequences of B. aphidicola from 12 aphid tial for the initiation of chromosomal replication, is well species indicated that they are descendants of a sin-conserved in many bacteria, 4 and it was found that gene gle ancient infection and belong to the 7-3 subgroup of organization near the dnaA gene of B. aphidicola from 5. Proteobacteria. 2 The B. aphidicola/aphid association ap-graminum, was similar to that of E. coli. 5 Seven genes, pears to have become established 200 to 250 million years gyrB, dnaN, dnaA, rpmH, rnpA, yidD, and 60K, are hoago. It was also indicated that Escherichia coli and re-mologous in sequence and relative location to those of lated Enterobacteria are their closest relatives. However, E. coli, although the recF gene between gyrB and dnaN the GC content of their genome is low (28-30%), and the was missing in B. aphidicola. *' Four proteins with the highest similarity scores are shown for each B. aphidicola product, except for YjeK that exhibits significant similarity to two entries only.
2 ' Entry name of Swiss-Prot database. 3 ' % aa identity/overlap length. 4 ' Smith-Waterman score of the result of FASTA search. 5 A 4877-bp sequence from the Pst I to the second Xba I site was reported previously (GSDB/DDBJ/EMBL/NCBI accession number M80817). 5 The 4.5-kb BamHl EcoRl fragment downstream of the 60K gene was subcloned in plasmid pUC18. A series of nested deletion derivatives was prepared by exonuclease III treatment after digestion with Sph I and Sal I, and used as template for sequencing. The remaining fragment (0.5 kb) was amplified by polymerase chain reaction (PCR) using the original plasmid 5 as template, and the PCR product was sequenced directly as reported previously. 15 The nucleotide sequence of both strands of the entire 5086-bp region was determined (GSDB/DDBJ/EMBL/NCBI accession number D85628). Location of deduced ORFs is schematically shown below the physical map.
Nucleotide Sequence of a 5.0-kb Region Downstream of the 60K Gene
Cloning of a 10-kb DNA fragment of the genome of B. aphidicola from S. graminum, and the nucleotide sequence of the 4.9-kb fragment (Xba l-Pst I) were reported previously (Fig. I) . 5 We have determined the nucleotide sequence of the remaining 5.0-kb fragment (EcoRl-Xba I), and found three complete and one partial open reading frame (ORF) in this region, in addition to the C-terminal half of the 60K gene that was not included in the previous sequence (Fig. 1) . We examined the amino acid (aa) sequences of the identified ORFs as to their similarity to sequences in a non-redundant protein sequence database, and designated the three complete ORFs as thdF, groES and groEL genes based on their strong similarities to known proteins (Table 1) . They were conserved universally in eubacteria, and all of them showed the highest similarities to those of E. coli and closely related Enterobacteria, as observed for the B. aphidicola genes reported previously. Probable transcription termination signals were identified downstream of the thdF and groEL genes, suggesting that thdF constitutes an operon with the 60K, and groEL with groES. Although it was suggested that a mutation in the thdF gene enabled the cell to oxidize furans and thiophens in E. coli, 6 ' 7 the exact role of the 60K and thdF genes is not clear in any bacteria. The products of the groES and groEL genes are members of chaperonin-10 and chaperonin-60 families, respectively, and are conserved not only in eubacteria but also in archea and eukaryotes. The GroEL protein is highly expressed in the endosymbionts of aphids, and is considered to play an important role in the endosymbiont/aphid association. 7 and B. aphidicola, and that of B. subtilis 11 is shown schematically. The origin of the chromosomal replication (oriC) together with adjacent genes is also indicated. Untranslatable regions containing DnaA boxes are magnified to show the location of DnaA boxes (closed triangles). The oriC of H. influenzae is putative, and that of B. aphidicola has not yet been identified. Known products of conserved genes in the dnaA region or adjacent to oriC are initiator protein of chromosomal replication (DnaA), beta-subunit of DNA polymerase III (DnaN), recombination protein (RecF), B-subunit of DNA gyrase (GyrB), ribosomal protein L34 (RpmH), and protein component of RNaseP (RnpA). The exact role of the remaining genes is not known.
partial ORF was found to be similar to proteins of unknown function in E. coli and Haemophilus influenzae. Interestingly, in spite of the similarities in aa sequences, the GC content of this region (27%) is quite different from that of E. coli (55% and 51% for thdF-60K operon and groE operon, respectively).
Conservation of Gene Organization of the dnaA Region of B. aphidicola
The finding that groES and groEL genes locate next to thdF gene in B. aphidicola from 5. graminum indicates that the similarity in gene organization with the E. coli genome terminates at the thdF gene. In E. coli, the tnaA gene follows the thdF gene, 7 and the groE operon locates some 400 kb away from the dnaA region. 10 The gene organizations of the dnaA region of four bacteria that belong to the 7-3 subgroup of Proteobacteria, Pseudmonas putida, 11 H. influenzae, 12 E. coli, 7 and B. aphidicola, are compared in Fig. 2 . Nine genes from gidB to gyrB in P. putida are conserved in the same order in the distantly related Gram-positive bacteria Bacillus subtilis. 11 In addition, the replication origin of chromosome (oriC), that contains multiple binding sites (DnaA box) for the dnaA gene product, resides near the dnaA gene in P. putida and B. subtilis. The existence of multiple DnaA boxes in the untranslatable region adjacent to thdF is also common in P. putida and B. subtilis. Therefore, we proposed that the gene organization of the dnaA region of P. putida and B. subtilis is representative of the primordial genome of eubacteria. 4 In contrast, conservation of the gene organization terminates at the thdF gene in H. influenzae. E. coli, and B. aphidicola. In E. coli, oriC locates next to the gidAB genes, some 40 kb apart from the dnaA gene. The association of oriC with gidA was also suggested in H. influenzae, although the location of oriC relative to dnaA is different. As for B. aphidicola. we could not identify any typical DnaA box in the upstream and downstream untranslatable regions of the thdF gene as well as those of the dnaA gene, suggesting that the oriC locates in a different locus. These results suggest that translocation of the gidA and gidB genes together with second DnaA box region had occurred in a common ancestor of E. coli, H. influenzae and B. aphidicola, after the divergence from the ancestor of P. putida. Then the second DnaA box region became active as oriC with the simultaneous loss of almost all DnaA boxes from the untranslatable region upstream of dnaA. Furthermore, insertion of a 7-kb fragment between the dnaA and rpmH genes and the splitting of gidA and gidB genes has occurred in H. influenzae. These hypotheses of the evolutionary history of the gene organization of the dnaA region could be supported by the close phylogenetic re- lationship of B. aphidicola to E. coli. Further analysis of the oriC and gidAB genes of B. aphidicola will be interesting and essential for the elucidation of the precise evolutionary history of aphid endosymbionts. It should be noted that genes surrounding the conserved region are different in E. coli, H. influenzae, and B. aphidicola. It was suggested that the groESL genes are not located next to the thdF gene in another aphid endosymbiont described below. These observations are consistent with the extensive gene shuffling during the evolution of the bacterial genome, that has become apparent by the analysis of complete sequence information of the bacterial genomes. 13 Therefore, there must have been some evolutionary pressure for the preservation of the gene organization of the dnaA region in E. coli, H. influenzae, and B. aphidicola.
the groESL genes are also conserved. The most noticeable conservation was found in the 141-bp untranslatable sequences immediately upstream of the initiation codon of the groES gene: they contain a sequence resembling the E. coli consensus heat shock promoter (CTTGAAA and CCCCATNT). and stretches of As and Ts in addition to the probable Shine-Dalgarno sequence of the groES gene. Thus, the heat shock promoter sequence and AT stretches may be responsible for the high expression of the groE operon in the aphid endosymbionts. as suggested by Ohtaka et al. 14 The sequences between the groES and groEL genes show some similarity. Sequences that follow the groEL gene, including the probable transcription termination signal, also show some similarity. Finally, we noticed that two sequences of the endosymbiont groE operon diverged in the regions upstream and downstream of the conserved groESL region discussed above, indicating that gene shuffling occurred during the evolution of aphid endosymbionts.
